Mutations in the Escherichia coli promoter PBAD have been constructed which alter the spacing of the adjacent RNA polymerase and araC inducer protein binding sites. While deletion of a single base-pair or small insertions do not detectably affect araC protein binding to DNA and they do not alter the conserved sequence of the RNA polymerase binding site, stimulation of PBAD in vivo is greatly reduced. The experiments suggest that the distance or angle between the two proteins on the DNA is critical for promoter function.
INTRODUCTION
Transcription from the Escherichia coli L-arabinose operon promoter, PBAD, requires araC protein in the presence of arabinose (1) (2) (3) . AraC protein represses its own synthesis from PC (4) , and in the absence of arabinose, represses transcription from PBAD (2, 3, 5) . Both pC and PBAD are stimulated by the cAMP receptor protein (CRP)-cAMP complex (2) (3) (4) 6) . Between the divergently oriented promoters, the DNA binding sites for these effectors occupy a 147 base pair noncoding region in the order: RNA polymerase at PCs which overlaps araC protein repressor (0); cAMP receptor protein; araC protein inducer (I); and RNA polymerase at PBAD (7, 8) .
Although the mechanism by which these proteins stimulate transcription is not known, models for positive activation encompass two extremes. The proteins may interact directly (9, 10) , or the effects may be indirect, mediated through changes in the DNA structure over significant distances (11, 12 All media, plates, and standard procedures including plasmid ligation, transformation and CsCl gradient plasmid isolation were as described in Schleif & Wensink (14) .
Base insertions and deletions
Samples of BamHI cleaved pTD3 DNA (3 Ug) were incubated with 0.5 unit DNA polymerase I large fragment in 30 p1 of 50 mM Tris-HCl, pH 7.5, 10 mM MgC2, 7 mM 0-mercaptoethanol and 200 pM dNTP's for 30 minutes at room temperature (Fig. 2) . After phenol extraction, the samples were digested with 300 Vogt units/ml SI nuclease in 50 p1 of 30 mM Na Acetate, pH 4.5, 200 mM NaCl, 5 mM ZnC12 for 30 minutes at room temperature (15) . After ligation and transformation into TMD29 (AraCc, GalK-) cells were plated on MacConkey galactose ampicillin plates and the GalK phenotype scored. Several GalK+ and GalK-transformants from each of the three reactions were screened for loss of the BamHI restriction site and also tested for the presence of the 440 base-pair HindIII-EcoRI fragment. Several of the mutants which had undergone large deletions or insertions were discarded.
Nucleic Acids Research DNA isolation and sequencing A rapid plasmid preparation was modified from that described by Holmes & Quigley (16) as follows: 10 ml cultures were amplified by incubating 18 hours in 50 ig/ml chloramphenicol; samples were boiled for 45 seconds in lysis buffer containing 1% Triton X-100 and 500 ig/ml lysozyme and centrifuged 20 minutes at 20,000 x g. The resulting supernatants were further deproteinized by incubating 10 min. on ice in 0.6% diethylpyrocarbonate and 10 min. at 70°, followed by centrifugation at 10,000 x g for 5 minutes. For sequencing, RNA was removed by passing samples over 3 ml columns of Bio gel A50M agarose (Biorad) equilibrated in 10 mM Tris-HCl pH 8.0, 0.5 M NaCl, 1 mM EDTA. DNA was labeled at the HindIII restriction site (+44) with y32P-ATP using bacterial alkaline phosphatase and polynucleotide kinase, digested with EcoRI and the 440 base-pair fragment isolated as described by Maxam & Gilbert (17) . Sequences of mutants were first determined using DNA isolated by this rapid preparation, then the sequence of the entire relevant region was confirmed using CsCl purified DNA (14) .
DNase I protection and galactokinase assay DNase I protection was as described (7) . Approximately 20 ng of ara DNA fragment was incubated for 10 minutes at 370 with araC protein in 100 4l 20 mM Tris-HCl pH 7.5, 50 mM KC1, 2.5 mM MgC12, 0.1 mM DTT, 100 mM L-arabinose and 25 pg/ml BSA. DNase I (0.08 pg/ml) was added for 30 seconds and the reaction stopped by adjusting to 2.5 M NH4-acetate, 3 mM EDTA, 10 ig/ml tRNA. AraC protein was purified as in (18, 19) .
Galactokinase assays were as in (13) . Cultures were grown to a cell density of 2 to 4 x 108 in M1O minimal medium, assays performed on cells concentrated five-fold, and reactions terminated with 10 mM EDTA after 30 minutes. The values shown are averages of four samples; all replicate samples were within approximately +20% of each other.
RESULTS

Base insertions and deletions
The spacing between the PBAD RNA polymerase and araC protein inducer DNA binding site, araI, was altered by taking advantage of a unique BamHI restriction site on plasmid pTD3. This is located at the boundary between the araI site and the RNA polymerase binding site (Fig. 1) . The increasing levels of araC protein in the presence of arabinose (Fig. 3) .
The level of araC protein required for protection from DNase I was the same in all cases. Also, the pattern of protected regions and enhanced cleavage of DNA was the same among the samples. These results suggest that the mutations do not directly affect the binding of araC protein to the araI site.
DISCUSSION
These experiments show that 2 base-pair or 4 base-pair insertions or a 1 base-pair deletion at the junction of the RNA polymerase and araC protein DNA binding sites strongly reduce ara PBAD promoter activity. The deletion and larger insertion completely eliminate the ability of araC protein to Nucleic Acids Research induce the promoter, and the 2 base-pair insertion reduces induction to 10% of the wild type level. All the mutations are located a few base-pairs within the DNA region protected by araC protein.
The mutations could reduce promoter activity by: 1) altering the distance or angle between RNA polymerase and araC protein on the DNA; 2) reducing the interaction of araC protein with its DNA binding site; 3) changing DNA contact sites required for RNA polymerase binding. Several facts suggest the first alternative for the insertion mutations, with somewhat less evidence supporting this possibility for the deletion mutation. None of the mutations measurably affect the binding of araC protein to the DNA in vitro. Both the level of protein required for binding and the pattern of protection from nuclease digestion remain unchanged, however it is not yet known whether these experiments, under the conditions employed, could detect some physiologically important alterations in binding. While all the mutations lie just within the DNA region protected by araC protein (7, 8) , the insertion mutations duplicate DNA sequence so that the binding sites remain largely intact (Fig. 2) (20, 21) . It is the length of this DNA rather than its sequence which is important for proper protein recognition. Studies of another positively regulated promoter, XPRM, suggest protein interactions between RNA polymerase and X repressor are required for induction (9, 10) . For ara PBAD more direct measurements will be required to ultimately prove whether or not specific contacts occur between the proteins involved.
